The avian pineal gland contains circadian oscillators that regulate the rhythmic release of melatonin.
We have developed a dissociated chick pineal cell culture system in order to begin a cellular analysis of this vertebrate circadian oscillator. Dissociated pineal cells maintained in cyclic light conditions (LD 12: 12) released melatonin rhythmically. The release of melatonin was elevated during the dark and low during the light. A circadian oscillation of melatonin release persisted for at least 5 cycles in constant darkness with a period close to 24 hr; however, there was a gradual damping of the amplitude.
Analysis of the rhythm revealed that the observed damping was consistent with either desynchronization of multiple oscillators within the cultures or damping of individual oscillators.
The circadian oscillation of melatonin release persisted for up to 4 cycles under conditions of constant light; however, the oscillation was strongly damped and the period of the oscillation was lengthened significantly.
Thus, dissociated pineal cells express a persistent circadian oscillation of melatonin release in constant darkness, and properties of this oscillation are modulated by light treatment in vitro. This flow-through cell culture method for dissociated chick pineal cells should provide a useful model for the analysis of a vertebrate circadian system at the cellular level.
The behavior and physiology of most organisms are temporally organized in synchrony with the environmental light-dark cycle (Aschoff, 198 1; Takahashi and Zatz, 1982) . In most cases, daily rhythms in these various processes are generated by an endogenous circadian oscillator or pacemaker (Pittendrigh, 198 1) . In avian species, behavioral and biochemical evidence suggests that the pineal gland plays a major role in the temporal organization of the animal Menaker, 1979, 1984a) . Pinealectomy abolishes the circadian rhythm of locomotor activity in the house sparrow, Passer domesticus (Gaston and Menaker, 1968) . Transplantation of pineal tissue into the anterior eye chamber of a pinealectomized host restores the circadian activity rhythm, and the phase of the restored rhythm is determined by the phase of the donor (Zimmerman and Men-aker, 1979) . These results argue that the pineal functions as a circadian pacemaker in sparrows.
In addition to behavioral experiments, an oscillator role for the avian pineal has been tested directly. Because the biosynthetic pathway for the pineal hormone, melatonin, is strongly rhythmic in vivo (Binkley et al., 1973) , a number of laboratories have used isolated chick pineal glands in organ culture to determine whether rhythms of serotonin N-acetyltransferase (an enzyme involved in the biosynthesis of melatonin) and melatonin production persist in vitro. While Kasal and colleagues (1979) were able to find 2 cycles of N-acetyltransferase activity in constant conditions, Binkley et al. (I 978) and Deguchi (1979a) reported that they were unable to find persistent circadian rhythms in constant darkness using static organ culture methods. Long-term perfusion of individual chick pineal glands yielded high resolution in the time domain under cyclic light conditions; however, in constant conditions the rhythm was heavily damped (Takahashi et al., 1980) . The difficulty in obtaining persistent oscillations in culture has been a major obstacle in the development of the avian pineal gland as a model system for analyzing the physiological basis of circadian rhythms.
In retrospect, it appears that most of the difficulties in demonstrating persistent circadian oscillations in chick pineal organ cultures can be attributed to inadequate culture conditions. In addition, although organ cultures were sufficient to demonstrate circadian rhythms at a qualitative level, the variability of the rhythms both among and within cultures prevented quantitative analysis. The solution to most of these problems has been achieved by the use of dissociated cell cultures. Deguchi (1979b) first showed that dispersed pineal cell cultures were capable of circadian oscillation for 2 cycles; however, his method still required measurement of N-acetyltransferase activity by using a population of cultures to assay the rhythm. We have developed a flow-through cell culture system that allows continuous measurement of a melatonin release rhythm from individual cultures for long periods of time. Furthermore, the variability both within and among cell cultures has been greatly reduced so that quantitative experiments on the period length and phase of the oscillation are now possible. Using this system we have addressed 2 sets of questions in this paper. Do dispersed pineal cell cultures retain the capacity for persistent circadian oscillation? If so, are the characteristics of the oscillation similar to those found in vivo?
Materials and Methods Animals under 12 hr light: 12 hr dark (LD 12: 12) lighting conditions with lights on at 0700 CST for 3-6 weeks prior to study. Food (Purina Chick Startena) and water were available continuously.
Cell culture
For each primary culture, 10 chicks were sacrificed by decapitation, the pineal glands were removed and collected in sterile PBS. The tissue was transferred to a sterile hood and washed 3 times with Hank's salts solution containing 500 &ml gentamicin (US Biochem), 1000 U/ml penicillin G, 1000 &ml streptomycin, 25 &ml amphotericin B (Irvine Scientific). The glands were transferred to 4 ml Hank's salts solution tonin content using radioimmunoassay (Rollag and Niswender, 1976) as described by Takahashi et al. (1980) . Iodinated melatonin analog was custom synthesized for use in the radioimmunoassay by Meloy Laboratories (Springfield, VA). Melatonin was purchased from Sigma. Normal rabbit gamma glabulin was purchased from Cooper Biomedical. Rabbit anti-melatonin antibody (R1055 pool) was supplied by Dr. G. D. Niswender. The assay has been validated for pineal culture medium without extraction of the samples (Takahashi et al., 1980) . No interference from the culture medium was detectable at the sample volumes assayed. The upper and lower limits of the assay were approximately 500 and 1 pg/tube, respectively. Fifty percent inhibition was typically vroduced with 18 ma/tube. The coefficients of variation for nooled culcontaining 1 mg/ml collagenase (Cooper Biomedical, #CLSSSOl). The tissue was minced and incubated for 30 min in a 37°C shaking water ture medium qualit; control samples containing low (15.0 pg), medium (28.0 pg), and high (84.5 pg) levels of melatonin were 8.3, 7.3, and 6.4% bath. Partially dispersed fragments were triturated with a siliconized, fire-polished Pasteur pipet and allowed to settle for 5 min. The superfor intraassay and 15.8, 18.6, and 18.3% for interassay variation. respectively.
pellet was resuspended in 4 ml of complete culture-medium with the following composition: Medium-199 with Hank's salts and L-glutamine (GIBCO, #400-1200) supplemented with 10 mM HEPES buffer (US Biochem), 5% fetal bovine serum (Biologos # 12 10378) 10% heat-inactivated horse serum (GIBCO, 100 U/ml penicillin G, 100 pg/ml streptomycin, and 0.9 mg/ml NaHCO, supplemented for 5% CO, atmosphere. The cells were counted with a hemacytometer. A typical dispersal yielded approximately 2 x lo5 cells per pineal gland (about 20% of the cells in a gland). Collagen-coated microcaniers (Pharnatant was transferred to a 15 ml tube and centrifuged for 1 min at macia, Cytodex 3 #17-0485-01) were hydrated in PBS (0.02 gm/ml 100 x g (25°C) to pellet the fragments. The supematant was transferred to a 15 ml tube and centrifuged for 5 min at 500 x g (25°C). The final Cytodex) for at least 3 hr at 25°C. The microcarriers were sterilized bv autoclaving using purified water (20 min). Following sterilization, the microcarriers were washed 3 times with culture medium. An aliquot (2.5 ml) of a slurry containing a 1: 1 volume of microcarriers to culture medium was added to the cell suspension. The final volume of the cell suspension was adjusted to 10 ml. The cell-bead slurry was divided into two 25 cm* culture flasks and placed in an incubator at 37°C with 95% sir/5% CO,. The cultures were maintained on LD 12:12 provided by two 7 W tungsten bulbs and half the medium was changed every 2 d. After 4-5 d in culture, the cells were loaded into the flow-through culture apparatus described below.
Phase reference points and period length estimates. To determine the period length of the melatonin rhythm, we analyzed 5 phase reference points: peak, trough, half-rise, half-fall, and midpoint of the cycle. All phase points were obtained from the individual records of cell cultures. First, the highest and lowest melatonin values for each cycle were determined. The time points corresponding to these values represent the peak and trough phase reference points, respectively. The half-rise phase reference point was calculated by interpolating the time point that corresponded to the average melatonin value for the peak and the preceding trough. Similarly, the half-fall phase point was calculated by interpolating the time point that corresponded to the average melatonin value for the peak and the subsequent trough. The midpoint phase reference Data analysis was determined by averaging the times for the half-rise and half-fall phase reference points. The period length for a given cycle was defined as the difference between 2 of the same consecutive phase reference points. Five different period measurements for an individual cell chamber were made using each of the 5 phase reference points for 4 consecutive cycles in constant darkness beginning the second cycle in culture. The average period length for an individual cell chamber was calculated by averaging the 3 period estimates derived from the 4 cycles. The variance resulting from this mean was the intraindividual variance. The period lengths of cell chambers maintained in the same treatment conFlow-through cell culture technique S350 photometer with a radiometric filter. The entire apparatus was
The flow-through cell culture apparatus was composed of 4-20 parallel kept in a temperature-controlled chamber at 37°C with a humidified channels. Each channel included a 13 mm diameter filter holder (Nu-
atmosphere. Approximately 2 x 1 O5 cells (which is equivalent to about clepore, #420100 with an 8 pm pore size membrane filter), which functioned as a cell chamber and was connected to a syringe pump (Harvard, #2265) and a fraction collector (ISCO, #328) using microbore Silastic Characteristics of oineal cell cultures on microcarriers fined as the difference between the melatonin value for the peak of each cycle and the melatonin value for the subsequent trough. The amplitude for each cycle was then expressed as a percentage of the amplitude of the first cycle in constant darkness.
melatonin production) were loaded into each cell chamber using a 3 ml syringe barrel as a funnel. After all the cells had settled into the chamber, the syringe barrel was removed, and the chamber was connected to a 50 ml syringe with Silastic tubina. For flow-throuah exneriments an airequilibrated culture medium was used with the followmg composition: Medium-199 with Hank's salts and L-glutamine supplemented with 10 mM HEPES buffer, 5% fetal bovine serum, 10% heat-inactivated horse serum, and 50 &ml gentamicin. The syringes were loaded into the syringe pump, and medium was infused through the cell chambers at a rate of 0.25-0.50 ml/hr depending on the experiment. A reservoir bottle containing medium to refill the syringes was attached by a 3-way valve and kept in an ice bath until needed. Two-hour fractions were collected from each cell chamber using a fraction collector.
Melatonin radioimmunoassay
Samples were removed from the fraction collector at 6-l 5 hr intervals, frozen at -2o"C, and analyzed at the termination of the experiment. Appropriate volumes (2-10 ~1) of each sample were assayed for mela-
The cell cultures were visually monitored with phase-contrast microscopy during the 5 d incubation period prior to use in the flow-through experiments. Several cell types were observed immediately following the dispersal procedure. The majority of the cells were round, phase bright, and approximately 8-10 pm in diameter. The cell surface was relatively smooth and in some cases the nucleus could be seen. On the basis of preliminary cell marker experiments, the majority of the round cells were pinealocytes and the remainder were interstitial cells (J. S. Takahashi and L. M. Robertson, unpublished observations). Occasionally, ependymal cells with beating flagella were found and were presumably derived from the choroid plexus attached to the stalk of the pineal gland. In addition, some red blood cells were present. Immediately after plating, a small percentage of round cells attached to the collagen-coated microcarriers, al- though the majority of the cells required at least 30 hr for attachment. After 24 hr in culture most of the fibroblastic cells were attached to the plastic bottom of the culture flask. After 48 hr in culture the small round cells flattened somewhat and began to send out processes. While the majority of the round cells were unipolar, some were multipolar. The typical morphological appearance of the dissociated cells on microcarriers is shown in Figure 1 . Proliferation of fibroblastic cells was clear after 48 hr; however, unlike the round cell types, the majority of the fibroblasts were preferentially attached to the plastic bottom of the culture flask. This differential substrate preference provided a means for enriching the proportion of pinealocytes attached to the microcarriers. When the beads with the round cells attached were loaded into the cell chambers, most of the fibroblasts were left behind. A preliminary flow-through experiment revealed that the cell cultures required the addition of serum to the medium in order to sustain synthesis and release of melatonin. A population of cells was grown in complete medium containing 10% horse serum and 5% fetal bovine serum for 5 d. Cells were then transferred to the flow-through apparatus. Two cell chambers were perfused with medium containing serum, while 3 chambers received no supplement. As illustrated in Figure 2A , the release of melatonin in the presence of serum was rhythmic and remained at high levels; however, in the cultures with no supplement, the release of melatonin diminished to undetectable values within 24 hr.
To investigate the stability of the cell cultures over time, cells were maintained on microcarriers in the incubator for 1 month before initiating a flow-through experiment. Melatonin biosynthesis and release was present even after 30 d in culture (Fig.  2B) . The time course of release was similar to that observed after only 1 week in culture ( Fig. 2A) . This suggests that the expression of rhythmic melatonin release by the cell cultures remains for long periods of time in vitro.
Circadian properties of pineal cell cultures To determine whether the dispersed cell cultures were capable of circadian oscillation, we examined melantonin release in constant darkness. In the experiment shown in Figure 3A , cultures were exposed to LD 12: 12 for 1 d followed by constant darkness for 4 d. Pineal cells exhibited an increase in melatonin release during the first 12 hr of darkness followed by a decrease during 12 hr of light. This oscillation peristed for at least 4 cycles in constant darkness with a period close to 24 hr. However, the amplitude of the rhythm was damped in constant darkness. In contrast, cultures run simultaneously but exposed to LD 12: 12 for 5 d (Fig. 3B ) expressed a high-amplitude oscillation with no damping of the rhythm. The waveform and amplitude of the oscillation were remarkably consistent both among replicate occurred. Figure 4A shows the individual melatonin records from 4 cell chambers run at the same time in a single experiment. These superimposed records illustrate the range of variation seen among replicate cell cultures in a single experiment. Figure  4B shows the ensemble average of the 4 replicates in Figure 4A . The melatonin oscillation persists for at least 5 cycles in constant darkness. There is a progressive damping of the amplitude of the rhythm and a progressive increase in the range in variation among replicates with increasing time in constant darkness. In Figure 4C we have compared the ensemble averages from 4 independent experiments (each of which is composed of 4-5 replicates) in order to illustrate the consistency of the melatonin oscillation. Three of the experiments were 120 hr in duration, while the fourth (shown in Fig. 4B ) was 144 hr in duration. Although there are rather large variations in melatonin production during the first 24 hr of the flow-through experiment, the melatonin oscillations are remarkably consistent after the first 24 hr. Indeed, the interexperimental variation of the ensemble averages (Fig. 4C ) appears to be less than the interindividual variation of replicates in a single experiment (Fig. 4A) . On the basis of these observations, several features of the melatonin release rhythm in constant darkness emerge. First, the circadian oscillation persists without fail for 4 cycles. Second, the amplitude of the rhythm progressively damps and the rate of damping is relatively consistent. Third, the damping progresses towards the mean value of the record with both a decrease in the peak and increase in the trough. Finally, the period length of the rhythm is stable both within and between experiments (quantitative analysis of the period is presented below). In order to determine how long the endogenous oscillation persisted in culture, we monitored melatonin release for over 1 week in constant darkness. Cell chambers were exposed to LD 12: 12 for 24 hr followed by constant darkness for 8 d (Fig. 5) . The melatonin oscillation was detectable for about 5 cycles in constant darkness; however, as observed previously, the rhythm exhibited a gradual decrease in amplitude. As illustrated in Figure 5 , a return to cyclic light conditions reinstated a high-amplitude melatonin rhythm.
As shown in Figure 4 , the melatonin oscillation persists in constant darkness; however, the amplitude of the expressed (Takahashi and Menaker, 1984b) ; alternatively, individual pineal oscillators may be damped oscillators (Enright, 1984) . With the first hypothesis, one would assume that the cell cultures are composed of oscillatory cells, each of which has the capability to maintain a self-sustained oscillation of melatonin release. If each oscillator had photic input, the oscillators would be synchronized in cyclic light conditions. However, if there was variability in the endogenous period of each cellular oscillator in constant conditions, this would result in desynchronization of the individual rhythms and apparent damping of the overt melatonin oscillation. The rate of damping would depend mainly on the amount of variability present in the circadian periods of the oscillators in the population. The second hypothesis for the overt damping of the melatonin rhythm has been proposed by Enright (1984) . On this hypothesis the overt damping observed in the pineal cell cultures would result from damping of individual oscillators. It is difficult to discriminate between these 2 possibilities. A direct test would involve the measurement of melatonin release in constant conditions from a single pineal cell, which has yet to be accomplished. However, it is possible to examine the implications of these 2 hypotheses. Analyzing data from Takahashi et al. (1980) , Enright (1984) suggested that an extremely broad range of free-running periods, from 12-36 hr, would be required to produce the damping observed in constant conditions assuming a desynchronization model. Because this range of periods deviated significantly from "circadian periodicities," Enright concluded that desynchronization was an unlikely interpretation. The results presented here from cells maintained in constant darkness can be subjected to a similar analysis. The model assumes that the melatonin output from a single cell has a Gaussian distribution in time with a SD on the order of 3 hr and that the distribution of the period lengths in the population of cells is Gaussian. Assuming additivity of variances, each peak would have a variance of s2 = sP2 + (n -l)Zs,Z, where s, is the SD of the first synchronized melatonin peak in hours, s, is the SD of the individual freerunning periods of the oscillators in the population in hours, and n is the number of cycles in constant darkness. Since the amplitude of a Gaussian distribution is inversely proportional to its SD, it is possible to determine the amplitudes of each subsequent peak in constant darkness. Figure 6 illustrates the damping rates from theoretical curves resulting from this analysis using SD (s,) values of 0.5, 1, 2, 3, and 6 hr, respectively. The peak-trough amplitude of each cycle is expressed as a percentage of the amplitude of the first synchronized cycle in constant darkness. Experimental values derived from records in constant darkness are plotted over the theoretical curves in Figure 6 . The experimental data are most closely approximated by the theoretical curve resulting from an SD of 3 hr. Assuming no damping occurred, the circadian periods of the individual oscillatory cells would then range from 18 to 30 hr. A combination of damping and desynchronization would decrease the range of periods required. While there is no empirical evidence available, this range in period lengths seems reasonable for that of a circadian oscillator. Therefore, although it is possible that the overt damping in the melatonin oscillation results from the damping of individual oscillators, theoretical predictions of the desynchronization hypothesis are also consistent with the experimental observations.
Eflects of constant light on pineal cell cultures
We have also investigated the effects of constant illumination on the circadian oscillation of melatonin release. Cell chambers were initially exposed to LD 12: 12 followed by 8 d of bright constant light (intensity at the level of the cell chambers was 100 FW/cm2). Continuous illumination has been reported to inhibit the nocturnal rise in N-acetyltransferase activity in both organ (Deguchi, 1979a) and cell culture (Deguchi, 1979b) . However, as illustrated in Figure 7 , constant light did not suppress the nocturnal rise in melatonin release. In spite of a loss of rhythmicity after about 4 cycles, melatonin release was never suppressed to levels similar to those observed during the light Figure 8 , which plots the total melatonin production per 24 hr in the constant conditions normalized to the first 24 hr on LD 12: 12. The increase in melatonin did not occur in cultures maintained in constant darkness (Fig.  8) . In constant light, as in constant darkness, a return to LD 12: 12 restored a high-amplitude oscillation of the melatonin within 1 cycle (Fig. 7) . Although melatonin levels were elevated in constant light, when the cultures were returned to LD 12: 12, melatonin release increased during the 12 hr dark portion of the cycle. This elevation in melatonin release after the lightdark transition could be due to at least 2 different processes. A simple interpretation would be that the increase in melatonin in the dark reflects release from a partial suppression of melatonin production by light. Alternatively, the light-to-dark transition may have reset the phases of the underlying circadian oscillators in the cultures. If the desynchronization model discussed above was assumed, the coherence in the phases of the melatonin rhythms from individual oscillators would cause an increase in the amplitude of melatonin release.
point the steady-state period of the circadian oscillator was 24.4 hr in constant darkness (Table 1) . Constant light treatment significantly lengthened the period to 26.4 hr. The lengthening of period by constant light treatment is opposite that expected on the basis of empirical data for diurnal birds as described by Aschoff s rule, which shows that constant light treatment shortens the freerunning period in passerine birds (Daan and Pittendrigh, 1976) . In intact chickens, however, brain temperature (Aschoff and von Saint Paul, 1973 ) activity, and oviposition rhythms (Cain and Wilson, 1972) did not show a significant change in period with increasing light intensities over the limited range tested. Therefore, domestic chickens might represent an exception to Aschoff s rule.
Discussion
Period length estimates of the circadian oscillation We determined the period length of the circadian oscillator underlying the endogenous melatonin rhythm by analyzing the records obtained in constant conditions. A stable phase reference is a prerequisite for accurate estimates of the period and phase of circadian oscillations. Consequently, we chose to analyze 5 different phase reference points: peak, trough, half-rise, half-fall, and midpoint of the cycle. The procedure used for determining these phase reference points is described in detail in Materials and Methods. The average SD of the period length estimates using the 5 phase reference points from 2 1 records in constant darkness were: midpoint, 1.5 1 f 0.18 hr; half-fall, 2.36 f 0.33 hr; peak, 2.62 + 1.51 hr; half-rise, 2.67 f 0.32 hr; trough, 3.81 f 0.39 hr (X + SEM). The midpoint phase reference point yielded the smallest variance. Using this reference
As a first step in beginning a cellular analysis of the circadian pacemaking system in the avian pineal, we have addressed 2 sets of questions. Do dispersed pineal cell cultures retain the capacity for circadian oscillation? If so, are the characteristics of the oscillation similar to those found in organ culture and in vivo? In the flow-through cell culture system, dispersed pineal cells clearly retain the capacity for circadian oscillation. In spite of a gradual damping of the amplitude, the oscillation is detectable for at least 5 cycles in constant darkness. Furthermore, the consistency of the oscillation both among replicates within a single experiment and among independent experiments is remarkably good. The consistency of the melatonin oscillation greatly exceeds that observed in previous in vitro experiments using chick pineal, making it possible to perform quantitative experiments in which the period and phase of the oscillation serve as end points. The expression of a circadian oscillation in melatonin release from dispersed pineal cells implies that the capacity for circadian rhythmicity does not require normal tissue organization. Our results support previous observations of rhythms in N-acetyltransferase activity from dispersed pineal cell cultures (Deguchi, 1979b) . Both Deguchi's results and the results reported here suggest that the circadian oscillation in the pineal may be a cellular property, although a definitive demonstration awaits further experimentation. If the capacity for circadian oscillation is indeed a cellular property, it is of interest to determine the y For each culture, the period length was calculated from the average of the periods from the first 4 cycles (3 period values) in the light condition using the midpoint as a phase reference. h Intraindividual SD was calculated from the period estimates from the 4 cycles used to estimate period length. c N refers to the number of pineal cell cultures in each condition. d Analysis of variance of period length revealed a significant difference among treatment means @ -C 0.003, df = 26). The constant light treatment group differed from both the constant darkness and LD 12: 12 groups (least significant difference test, p -C 0.025).
cell types present in the cultures. There are few reports describing avian pineal cell cultures. However, the structure of the intact pineal gland is relatively well described (Boya and Zamorano, 1975; Omura, 1977; Oshima and Matsuo, 1984; Sato and Wake, 1984) . A connective tissue sheath surrounds the pineal in chickens. The gland itself is composed of many lobules separated by septa of collagen penetrating inward from the capsule. Ultrastructural studies of cell types indicate that the organ consists mainly of photoreceptorlike cells, secretory cells, and interstitial or ependymal cells (Bischoff, 1969) . The outer-segment-like processes of the photoreceptorlike cells resemble degenerated retinal cones (Collin and Oksche, 198 1) . In cell culture, the morphological appearance of the cells is different from that found in the intact tissue. As a result, distinctions of the various cells types in culture based on morphological descriptions of the intact gland are difficult. We believe, however, that the use of appropriate immunocytochemical cell markers will enable us to identify the various cell types in the cultures in future work.
Although the ultrastructural evidence for photoreceptors in the chick pineal has been equivocal, there is clear functional evidence for photoreceptive properties of the avian pineal. Direct illumination of the cultured gland suppresses the nocturnal rise in N-acetyltransferase activity and acute exposure to light during the night rapidly inhibits N-acetyltransferase activity and melatonin release (Deguchi, 1979a; Wainwright and Wainwright, 1980; Hamm et al., 1983) . The action spectrum for the suppression of the nocturnal rise in N-acetyltransferase activity resembles the absorbance spectrum of rhodopsin (Deguchi, 198 1) . Furthermore, rhodopsin immunoreactivity has been detected in cells surrounding the lumen of the gland (Vigh et al., 1982; Takahashi, H. Hamm, and E. Mezey, in preparation) . Thus, like the retina, the avian pineal gland appears to be a specia!ized structure for the reception, transduction, and transmission of photic information.
In many circadian systems, exposure to constant light damps the amplitude of the overt rhythm. This effect of constant light could reflect either acute inhibition of the output of the system or a direct effect on the circadian oscillator that controls the output. In the chick pineal the effects of constant light have been studied both in vivo and in vitro. Ralph et al. (1975) maintained male chicks in constant light and determined N-acetyltransferase activity after 2 weeks. Long-term exposure to constant light in vivo abolished the N-acetyltransferase activity rhythm, although the level of enzyme activity remained rather high. The effects of constant light during the initial days of light treatment have also been examined in vivo. Male chicks were maintained in LD 14: 10 for several weeks then transferred to constant light. Surprisingly, a rhythm in N-acetyltransferase activity persisted during the first 3 d in constant light in 2 independent studies (Wainwright and Wainwright, 1981; Tanabe et al., 1983) . In addition, the peak time of enzyme activity was delayed by 4-5 hr on the first day of constant light exposure relative to that seen on a light-dark cycle. The effects of constant light on the chick pineal gland have also been investigated in culture. Exposure of cultured chick pineal glands to constant light resulted in suppression of N-acetyltransferase activity (Binkley et al., 1978; Deguchi, 1979a; Wainwright and Wainwright, 1980) . However, in most cases, a rhythm in enzyme activity was still detectable in constant light. Limitations of the culture systems prohibited the measurement of the rhythm for more than 1 cycle. Since an initial delay of the rhythm was observed during constant light in vivo, it is possible that a component of the lightinduced suppression of N-acetyltransferase activity observed in organ culture is due to a delay in the phase of the oscillation and not entirely the result of acute suppression of the enzyme activity. We were able to monitor melatonin release from dispersed chick pineal cells for more than 1 week in constant light. Constant light did not suppress melatonin production. The oscillation persisted, although heavily damped, for about 3 or 4 cycles. As found in vivo, the phase of the first peak during constant light was delayed nearly 5 hr relative to dark controls. Thus, the effects of constant illumination on dispersed pineal cell cultures are very similar to those reported in vivo. In both cases an oscillation of melatonin or N-acetyltransferase activity persists for at least 3 cycles after transfer to constant light. However, after long-term exposure to constant light the rhythms in both dispersed cell cultures and intact animals are abolished. Because constant light lengthened the period of the melatonin rhythm in cell cultures, this treatment must act upon the circadian oscillator at some level. Whether the abolition of the rhythm after long-term treatment is due to an effect related to the period-lengthening effects of light on the oscillator or to a direct effect on the output of the oscillator cannot be distinguished. The apparent lack of acute suppression of melatonin release during constant light both in the intact animal and in dispersed cell cultures is a surprising result. The absence of an acute inhibitory effect of light on pineal melatonin after previous light exposure (i.e., the 12 hr oflight during the day) may indicate either that the photopigment mediating acute inhibition is bleached or that the pineal photoreceptors lose sensitivity by a process similar to adaptation.
In summary, dispersed chick pineal cell cultures contain circadian oscillators that express a persistent rhythm of melatonin release in constant darkness. In contrast to previous in vitro systems for the avian pineal, the melatonin oscillation is extremely consistent both within an individual experiment and among independent experiments, so that quantitative experiments on the period and phase of the oscillation are now possible. In the following paper (Robertson and Takahashi, 1988) , we use this system to analyze the photic entrainment and phaseshifting behavior of this vertebrate circadian oscillator in vitro.
